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Abstract 
 
Polyurethane foam was synthesizes generally using isocyanate and polyol that already mix with the surfactant or catalyst as to aid 
polymer processing and modify properties of the polymer. Polyurethane can be divided to two types which are flexible foam and rigid 
foam. Usually, the flexible foam will be used in furniture industry to produce soft furniture cushioning and bedding. Rigid foam 
generally used for composite structured component and insulation. Main focus of this research is to produce a prediction assessment 
against penetration resistance of rigid polyurethane foam under specific dynamic load. Evaluation is by using analytical prediction 
method to evaluate the depth of penetration and energy absorption. The fabricated rigid polyurethane foam was undergoing compression 
test to obtain its mechanical properties and impact test to verify the prediction model with two significant measurements concerned, 
impact energy and the penetration depth leave by impactor. The impact speed was set up at 1.5 m/s, 1.7 m/s and 2 m/s. Results of 
experiment shows variations for depth of penetration and energy absorption to the predicted value from the analytical model. This 
variation is caused by the specimen’s rigidity disordered during the specimen producing process. 
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1. Introduction 
The polyurethane foam application is very large, diverse and 
widely used in various applications. Polyurethane was primarily 
developed for military and aerospace application due to energy 
absorption and lightweight. It was rapidly used in early 1970s as 
thermal insulation and as a spray applied foam of rigid 
polyurethane. In addition, sitting on some kind of comfortable 
flexible polyurethane foam become a requirement nowadays. The 
useful products for composite-core applications in engineering 
fields are the rigid foams. Polyurethane foam comprises two 
polymer types, polyol-isocyanate formulations and polyurethane 
formulas. The differences between these polymers are the way it is 
being produced and its performance. Polyurethanes are produced 
as a result of a chemical reaction between polyol and isocyanate 
with blowing agent, catalysts and surfactant. They are 
considerably different as not heavily cross-linked as polyol-
isocyanate materials but offer a cost- efficient advantages for users 
and on the other hand, more useful in composite constructions. 
Defense and automotive fields lately have been challenged by 
many lacking and confining design to its consumer. There are 
insecure cases of impact penetration such as in bullet proof vest 
application, bumper car design in reducing the collision damage as 
passive safety of the vehicle [1]. Also, the needed of lightweight 
material forming protective mechanism by energy absorption 
apply in this industry as prior of green technology [2]. In this 
research, polyurethane foams produced as a specimen and tested 
using impact load machine. A flat nose impactor was used with 
three-speed variations to test the specimen. The calculation based 
on the result has been made to verify the prediction model of 
analysis. Hence, this research was dedicated to provide an 
assessment of energy absorption through the penetration resistance 
as a prediction method for polyurethane foam. Polymeric foams 
are extensively used as core materials for sandwich structures in 
automotive and aerospace industries because of their lightweight 
and high specific stiffness. In non-structural applications, they are 
used for cushioning, packaging and insulating functions due to 
their energy absorbing properties, good vibration attenuation, 
thermal and acoustic insulating materials [3-4]. It is stated that the 
discovery of polyurethane was in the year of 1937 by Otto Bayer 
and his co-workers at the laboratories of I.G. Farben in 
Leverkusen, Germany [5]. The polyurethane foam core is made by 
the reaction of polyisocyanates and polyols in the existence of 
catalysts, surfactants and blowing agents [6].  
In nature, polyurethanes are thermoplastic and thermoset. The 
type, position, structure for both isocyanate and polyol influence 
the forming reactions properties and end-user applications. Other 
than that, hydrogen bonding additionally contributes in 
determining the properties [5]. Solid foams own some unique 
properties differ from the homogeneous solid materials. They are 
relatively low in stiffness, Low thermal conductivity, and high 
compressibility at a constant load and adjustable in strength, 
stiffness and weight [7]. 
This research is related to the development of rigid polyurethane 
foam for defense and automotive applications. There are some 
applications concern stated by [8] which is lightweight structures, 
absorption of sound, vibrations, energy, thermal insulation, some 
filtering applications and including the precursor scaffolds for the 
production of metallic or ceramic foams, or as a pattern material 
in foundries. Almost 75% of the fuel usage is directly linked to the 
mass of vehicles, one of the most favorable results consists in 
`International Journal of Engineering & Technology 407 
 
 
developing lightweight structures based on rigid foams and 
consequently their carbon dioxide, CO2 emission [2]. 
An instrumented indentation experiments was conducted by [9], 
where load and depth of penetration are measured continuously 
which enable an evaluation of mechanical properties such as 
Young’s modulus, work hardening exponent and yield stress. 
Consequently, a good grasp of indentation and impact response 
for both sandwich structures and foam cores is necessary to 
anticipate and estimate their following damages [3, 10]. With 
references of [11] categorized polymers into crushable elastomer, 
crushable foams and thermoplastic materials and studied their 
mechanical behaviour under impact loading. This study analyzes 
experimental and analytical of the impact resistance on rigid 
polyurethane foam under three different velocities. 
2. Materials and Methods 
In this study, modified polymeric-diphenylmethane diisocyante or 
Maskiminate 8002 was used as the specimen. The raw materials 
for the specimen was supplied by Maskimi Polyol Sdn Bhd. 
Maskiminate 8002 is a mixture of polyol-modified 
diphenylmethane diisocyanate and polyphenylmethane 
polyisocyanate. The mixture was obtained from the combination 
of maskiminate 80 and maskimi foam 788B/9/45.  Maskiminate 
80 is diphenylmethane diisocyante (MDI), the isocyanate 
component for polyurethane foam. The polyol component was 
maskimi foam 788B/9/45 which is a liquid mixture of 
polyether/polyester polyols, amine catalysts, water and surfactant. 
Both components are liquid at room temperature [4]. 
2.1. Sample Preparation 
In producing a specimen to a specific dimension, custom molds 
have been produced from previous researcher [12-13]. The mold 
was divided into two part of assembly which labeled as part 1 and 
part 2. Part 1 is a square shape beam made of steel and part 2 is 
two square steel plates as shown in Fig. 1 (a) and (b). The square 
steel beam dimension is 125 mm x 125 mm with 3 mm thickness. 
While, the dimension for square steel plate is 200 mm x 200 mm 
and 50 mm angle beam with 3 mm thickness. 
 
(a) 
 
(b) 
Fig. 1: (a) Part 1 of the mold (b) Part 2 of the mold 
 
As for assembly purpose, angle beam with dimension of 200 mm 
x 23 mm x 23 mm was welded on the surface of steel plates and at 
the two side of square steel beam. Holes was prepared both at the 
angle beam welded on the plates and square steel beam. The 
specimens were produced by mixing the two part of chemical. 
Generally, some manufacturer already labelled the chemicals as 
part A and part B on the packaging. Part A is normally isocyanates 
component and part B is normally polyol component. It was 
produced by one-shot process as formulated by previous study 
[14]. The mixture must have 100 part of polyol and 110 part of 
isocyanate to produce polyurethane foam. Hence, to produce a 
specimen with a density of 100 kg/m3 with the dimension of 125 x 
125 x 50 mm, calculation was made to calculate the requirement 
of isocyanate and polyol liquid weight to produce the mixture. By 
using formula of density, the percentage of mass isocyanate and 
polyol can be obtained in (1). 
V
mmix=
                                                                                      (1) 
 
where   =  density of polyurethane foam (100 kg/m3), mmix =  
mass of polyurethane foam mixture, (polyol + isocyanate)  (kg) 
and V =  volume of molding plate (m3). 
Both isocyanate component (dark brown liquid) and polyol 
component (yellow liquid) was measured separately using digital 
scales for the accurate measurement. Then, both liquids were 
poured into one container and stirred vigorously to mix up both 
proportion quickly before the mixture started to expand. Next the 
mixture was poured into the mold and immediately installed the 
upper part of the mold and clamp at both side using G-clamp. The 
mold was left for at least 1 hour to allow the foam to cure and 
becomes rigid. The mechanical properties are the most crucial 
parameters in making analysis. This research requires the 
properties of plateau stress, young modulus and the stress-strain 
graph of the polyurethane foam before it being tested 
experimentally. These properties will be used in determining the 
depth of penetration by the impactor. 
2.2. Compression Test 
In verifying the analytical model, series of compression test have 
been conducted. Throughout the compression test, rigid 
polyurethane foam mechanical properties will be determined.  The 
testing requires two specimens to obtain an average of each 
mechanical properties values. The size of specimen was 
designated to be 40 mm x 40 mm x 50 mm. The compression test 
on polyurethane foam was executed using INSTRON 5569A 
Universal Testing Machine as shown in Fig. 2. From this 
experiment, the compression speed was set to be 10 mm/min. 
From the graph, parameter needed can be calculated and 
additional parameter for compression testing, the elastic collapse 
stress a broad plateau region subsequent to linear loading can be 
measured from the graph [15]. 
 
Fig. 2: INSTRON 5569A Universal Testing Machine 
2.3. Impact Test 
Impact testing was conducted to measure the ability to resist high 
rate loading forces exerted on the polyurethane foam. The force 
exerted was in the form of kinetic energy where Dynatup 8250 
drop tower impact system was used to penetrate the polyurethane 
foam with the flat nose shape impactor. Dynatup 8250 drop tower 
impact system is an impact system used to carry out the impact 
testing. Fig. 3 (a) and (b) show the diameter of the flat nose shape 
indenter 20 mm and its position when installed to the Dynatup 
8250. According to the Flores-Johnson and Li (2010) stated that 
the resulting deformation is control by the geometry of the 
impactor. The load cell applied was 3 kg in total. 
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(a) 
 
(b) 
Fig. 3: (a) Diameter of the flat nose shape indenter (b) The position of 
impactor when installed to the Dynatup 8250 
 
The impact velocity driven by gravitational force ranging from 1 
to 3.66 m/s. It can be pneumatically increase up to 13.41 m/s with 
different loads from 3 kg, 6 kg and 12 kg. This velocity was 
recorded by a velocity sensor factory build in the system. The 
position of velocity sensor can be adjusted to record the desired 
velocity before the impact. To estimate the velocity, v needed for 
the experiment, the drop height, h was calculated using the 
formula in (2): 
 
ghv 2=                                                    (2) 
    
where v = Desired velocity (m/s), g = Gravitational acceleration 
(9.81 m/s2) and h = Drop height (m). 
The specimen is placed inside the structural base of the machine. 
While the impactor will strike axially from a set up distance to the 
specimen surface. Thus, the depth of penetration was recorded and 
compare with the analysis model. 
3. Analytical Prediction Model for Penetration 
Impact depth depends on many factors such as velocity of 
impactor, mass, diameter and more. From the result, the depth of 
penetration, x can be calculating by using the relationship between 
conservation of energy and equation of motion, which it has been 
simplify in (3). 
 
A
mv
x

1
2
2
•=
                                                                               (3) 
 
where x = depth of penetration (m), m = load cell (kg), v = 
velocity of impactor (m/s), σ = plateau stress (N/m2) and A = area 
of nose impactor (m2). 
4. Results and Discussion 
From the result of impact test, the values of impact energy 
required to penetrate the PUR foam block at a certain depth have 
been obtained. The compression test provides the mechanical 
properties required for the calculation purpose. Fig. 4 shows the 
stress-strain graph for compression test plotted from the data 
obtained during the experiment for specimen 1, 2 and 3. The broad 
plateau region in the graph was referred as the elastic collapse 
stress or the plateau stress, σ as shown in Fig. 4. This mechanical 
property was used in analysis for the depth of penetration of PUR 
foam. Fig. 5 shows the specimen after impact with three-speed 
variations. The depth of penetration to the speed was tabulated in 
the Table 1. 
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Fig 4: Graph Stress versus Strain for 3 Specimens 
 
 
(a) 
 
(b) 
 
(c) 
Fig. 5: (a) The specimen after impact speed of 1.5 m/s (b) The 
specimen after impact speed of 1.7 m/s (c) The specimen after impact 
speed of 2.0m/s 
 
Table 1: Depth of penetration from the impact test 
Velocity, v (m/s) Depth of Penetration, x (mm) 
Analytical Experimental 
1.5 11.78 26.9 
1.7 24.16 34.5 
2.0 50.00 47.8 
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Fig. 6:  Depth of penetration from the impact test 
 
Fig. 6 shows the comparison of penetration depth for both 
experimental result and the analytical model. From the 
comparisons, experimental result plotted a slightly steep line than 
the analytical model. For velocity 1.5 m/s and 1.7 m/s, the 
analytical model predicted 42.8 % to 128.4 % greater depth of 
penetration compare to experimental result. However, for velocity 
2 m/s, the analytical model predicted depth of penetration 4.4 % 
below the experimental value. In comparing the energy absorption 
between the experiment and analytical model, equation of energy 
relation to work was used to determine the analysis. For the three 
speed variations, the energy absorption of experimental result 
compare to predicted value by analytical model shows that the 
value are lower in ranges of 28.8 % to 32.4 %. As shown in Fig. 6, 
the chart of experimental value a bit higher than the analytical 
prediction model but the chart pattern was both increases toward 
increasing velocity if impactor. The slightly different of energy 
absorption was still accepted.  
 
Fig. 9: Comparison in energy absorption between experimental and 
analytical 
5. Conclusion  
The experimental and analytical analysis on the impact resistance 
on rigid polyurethane foam has been evaluated. Rigid 
polyurethane foam can withstand a maximum of 6J with a single 
impact tested as shown in Fig. 6. While, the maximum speed of 
impact that rigid polyurethane can withstand was 2 m/s. The 
analytical model proved the following statement by the calculation, 
where the depth of penetration was 47.8 mm. As mentioned before 
the rigid polyurethane thickness was 50 mm. Thus, this shows that 
the rigid polyurethane foam capable to absorb the impact energy 
well before the impact perforate the foam block. The elastic 
collapse stress or plateau stress, σ of rigid polyurethane foam was 
determined to be 0.4 MPa as shown in Fig. 4. Overall formulation 
in analytical prediction model has this value of the plateau stress. 
This shows how significant and confirm the analytical prediction 
model with the experimental result obtained. However, the 
experimental result shows a certain value of error percentage from 
the analytical prediction model. This is because during the process 
of producing the specimen which the foam was flowing out and 
causing the pressure loss thus affected the specimen rigidity. 
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